ABSTRACT Objectives: To determine the relationship between global dietary energy availability and dietary quality, and nutrition-related health outcomes.
using country-level data. Data on total dietary energy availability and dietary energy from 10 distinct food groups (as a proxy for dietary quality) were obtained from the FAO Food Balance Sheets database. Indicators of development were abstracted from the World Bank's World Development Indicators database. Data on nutrition and health outcomes were taken from the WHO mortality database and major crosscountry analyses. We investigated associations of energy availability from food groups and health and nutrition outcomes in the combined data set using mixed effects models, while adjusting for measures of development. 
Main outcome measures:
Prevalence of stunting in children under 5 years and mortality rate from ischaemic heart disease (IHD) in adults aged 55+ years.
Results: From 1980 to 2009, global dietary energy availability increased, and rates of child stunting and adult IHD mortality declined. After adjustment for measures of development, increased total dietary energy availability was significantly associated with reduced stunting rates (−0.84% per 100 kcal increase in energy, 95% CI −0.97 to −0.72) and nonsignificantly associated with increased IHD mortality rates (by 4.2 deaths per 100 000/100 kcal increase, 95% CI −1.85 to 10.2) . Further analysis demonstrated that the changing availability of energy from food groups ( particularly fruit, vegetables, starchy roots, meat, dairy and sugar) was important in explaining the associations with health outcomes.
Conclusions:
Our study has demonstrated that by combining large, publicly available data sets, important patterns underlying trends in diet-related health can be uncovered. These associations remain even after accounting for measures of development over a 30-year period. Further work and joined-up multisectoral thinking will be required to translate these patterns into policies that can improve nutrition and health outcomes globally.
BACKGROUND
Agricultural production has largely kept pace with demands for food, from a growing global population, 1 in terms of per capita dietary energy (kilocalorie) availability, and cross-country evidence suggests that this increased energy availability has had a generally positive impact on nutrition outcomes such as child stunting. 2 However, the number of stunted children under the age of 5 years was estimated to be 159 million in 2015 indicating that it remains a major global burden. 3 At the same time, the number of children and adults who are overweight or obese has been rising, including in many low income countries of Asia and Africa that are simultaneously tackling the unresolved burden of undernutrition. 4 A focus of the agriculture sector has been to ensure increased production of staple foods such as cereals, and country-level analyses have shown that dietary energy availability largely from cereals is positively associated with growth in childhood but concerningly it is also associated with overweight in adults. 2 5-7 Furthermore, the wider nutritional requirements of healthy diets have
Strengths and limitations of this study
▪ This is the first global study to explore the impact of total energy availability as well as dietary quality on major nutrition and health outcomes. ▪ Through data linkage, the study was also able to adjust for the effect of key measures of development. ▪ This is a country-level rather than individual-level observational study, and therefore cannot investigate causal relationships. ▪ Some data may be subject to measurement error, but this will be likely to have resulted in underestimation rather than overestimation of effect sizes.
received less attention from the agriculture sector, 8 and recent analyses have shown that global diets are becoming increasingly polarised between healthy and unhealthy patterns. 9 Previous reports of the relationship between dietary quality and nutrition and health outcomes have typically been limited to individual countries or specific foods. For example, in Poland, changes since the 1990s in the availability of different dietary fats and increased availability of fresh fruit and vegetables have been associated with reductions in cardiovascular mortality. 10 In cross-sectional ecological studies, the availability of dietary energy from sugar and animal fats is associated with the prevalence of obesity, cardiovascular disease (CVD) and diabetes. [11] [12] [13] A small number of multicountry longitudinal analyses have identified several diet-health associations including between palm oil availability and ischaemic heart disease (IHD) mortality and between sugar availability and diabetes prevalence. 14 15 This paper takes a global perspective on the associations of food availability and dietary quality with nutrition and health outcomes. The specific aim is to explore the associations of national-level dietary energy availability and dietary quality with nutrition and health outcomes in 124 countries from 1980 to 2009 while adjusting for key measures of national development. The analyses address for the first time at this scale the association of dietary quality (measured as the proportion of total dietary energy available from individual food groups) with measures of both undernutrition and diet-related non-communicable disease (NCD). In our analysis, stunting in childhood was selected as the measure of undernutrition as it is a reflection of, among other things, chronic exposure to a poor quality diet in early life. 16 IHD was selected as the measure of diet-related NCD, as it is the leading global cause of death and is also associated with chronic consumption of a poor quality diet. 17 
METHODS

Data sources
The initial database used was a complete download of the FAOSTAT database for all countries and all years available (http://faostat3.fao.org/home/E). This included 181 separate countries. We restricted this data set to the years 1980-2009, and to the food commodities necessary for the study (total energy available per capita per day, and energy available from 10 major food groups -animal fats, cereals, fruit, meat, milk products, pulses, starchy roots, sugar and sweeteners, vegetables and vegetable oils). We subtracted the calories from alcohol from the total energy availability variable. Nine countries were excluded due to changing borders over time, resulting in a database of 172 countries. For these countries, we classified eight regions based on the World Bank classification: East Asia and Pacific, Eastern Europe and Central Asia, Latin America and the Caribbean, Middle East and North Africa, South Asia, sub-Saharan Africa, US and Canada, and Western Europe.
Data on measures of development taken from the World Development Indicators, Agricultural Distortions Database and health outcomes were matched into this database for the available countries and years. The variables added were: gross national income (GNI) in current US$, percentage of population employed in agriculture, percentage of population living in urban areas and the relative rate of assistance for agriculture (RRA). Following matching, 22 countries were excluded from the database due to missing data (countries where no data at all for any year were available for at least one of the selected variables). We included the RRA only in subgroup analysis, as this variable was only available for a subset of countries. Data from the Lancet series on child stunting from 1985 to 2009 were also merged with the database, 18 along with data on mortality from IHD among people aged 55+ from the WHO Mortality Database 1980-2009 (http://apps.who.int/healthinfo/ statistics/mortality/whodpms/). We also obtained information on the population of each country in each year from a combination of the WHO Mortality Database and data held by FAOSTAT. The final database contains 124 countries, 78 of which included data on the prevalence of stunting, and 79 of which included data on mortality from IHD (see figure 1) . Data on the variables included and their sources can be found in table 1.
Missing data
There were no missing years of data in our data set for food availability or for child stunting rates. The child stunting data set included some imputed data. 18 Most other variables included in the analysis had some missing years of data, ranging from 1% missing in the percentage of population living in urban areas to 48% missing in the percentage of the population employed in agriculture. Where necessary, data were imputed by country to remove missing years of data for each variable separately. Where there were only a small number of missing years of data for a country, data were imputed based on time trends for the years where data were available for that country. Where more years of data were missing, time-trends in similar countries were also used in the models in order to increase robustness of the estimates.
Statistical analysis
We explored time trends in availability of all food groups, and constructed line graphs to show trends in the prevalence of the health outcome variables (child stunting and mortality from IHD), both overall and within each region. Next, we constructed mixed effects linear regression models to explore relationships between food availability, measures of development and health outcomes. To assess the relevance of the heterogeneity in food availability in different world regions, we included World Bank Region as an area-level effect in these models.
We constructed separate models for the two health outcomes examined, and initially added total energy availability per capita per day as a predictor. We then added measures of economic and agricultural development (GNI, employment in agriculture and urban population) as covariates, and analysed the impact of energy availability separately by World Bank Region in order to assess variability in the data. We also constructed a second set of models in which energy availability from each food group as a proportion of Figure 1 Steps in construction of a global database combining data from FAOSTAT, World Development Indicators and health and nutrition data from published analyses. total energy was added as a separate predictor. Again, these models were run before and after adjustment for measures of economic and agricultural development. For the models exploring changes in mortality from IHD, we employed a 10-year time lag between the measures of food availability and development and the outcome measure, in order to allow for the likely delayed impact of nutritional status on IHD mortality. The introduction of this time-lag reduced the final sample size of country-years for analysis on IHD mortality.
Descriptive analyses and imputations were performed in SPSS V.20 for Windows (IBM) and mixed effects modelling was performed in Stata V.13.2 for Windows (StataCorp).
RESULTS
Total dietary energy availability and nutrition and health outcomes
From 1980 to 2009, per capita dietary energy availability increased worldwide (figure 2) with the steepest increase seen (from an already high level) in the US and Canada and a dramatic fall seen in Eastern Europe and Central Asia at the time of the breakup of the Soviet Union. 22 Over the same period, global stunting rates declined steadily and IHD mortality rates declined relatively slowly (see web materials figures S1 and S2). These global findings mask large differences between regions: stunting declined much less in sub-Saharan Africa than in other regions, and some regions (including sub-Saharan Africa and South Asia) showed large increases in IHD mortality rates. In other parts of the world, such as North America, there were marked declines in IHD mortality rates.
Associations between dietary energy availability and nutrition and health outcomes were explored in a random effects model that included 1950 observations for stunting, and 1580 observations for IHD mortality. Across all regions and years, after adjusting for various measures of development (including income, urban population and employment in agriculture), an increase of 100 kcal per person per day in dietary energy availability was associated with a statistically significant 0.84% reduction (95% CI −0.97% to −0.72%) in child stunting from 1985 to 2009 (see table 2 ). The same increase in energy was associated with a non-significant increase in IHD mortality rates of 4.2 deaths (95% CI −1.85 to 10.2) per 100 000 population from 1990 to 2009.
When analysed separately by World Bank Region, the overall pattern of relationships remained consistent in most cases (table 3) . The significant inverse association between energy availability and stunting rates remained although this tended to be stronger in Asian countries and weaker in sub-Saharan Africa and Latin America. Stunting prevalence in Western Europe and the US and Canada was too low to allow us to analyse these regions separately. For IHD mortality, the positive association between energy availability and mortality rate remained when analysed separately by World Bank Region, but the association was stronger in more developed regions and negligible in less developed regions.
Dietary quality and nutrition and health outcomes Global dietary energy availability from cereals remained relatively constant over the period 1980-2009 at around 1100 kcal/capita/day, representing approximately 40% of total energy available (table 4) . From 1980 to 2009, mean availability of energy from vegetable oils increased by 39%, and availability of energy from fruits and vegetables also increased by 10% and 42% respectively ( figure 3 ). There were declines in availability of energy from sugar by 7% and from animal fats by 28%. Sugar, oils, meat, dairy and starchy roots provided the largest share of energy availability from non-staple sources (table 4), with absolute dietary energy availability from fruits and vegetables remaining low despite the increases identified over the period under study.
Increased availability of energy from six of the nine non-cereal food groups was associated with significantly lower stunting rates (table 5). In particular 100 kcal proportionately greater energy availability from vegetables, milk products and sugar was associated with 3.5%, 2.1% and 1.8% lower stunting rate respectively. Increased availability of energy from fruit, meat and vegetable oils was also associated with lower rates of stunting although to a smaller extent, while a greater proportion of energy available from cereals, animal fats and pulses was associated with higher rates of stunting.
Increased availability of energy from four of the nine non-cereal food groups was associated with significantly lower mortality rates from IHD (table 5). Higher proportional availability of energy from vegetables, pulses and fruit was associated with 459, 278 and 182 fewer IHD deaths per 100 000/100 kcal increased availability respectively, while higher proportional availability of energy from meat, milk products, sugar and starchy roots available in the diet was associated with greater IHD mortality.
Development measures and nutrition and health outcomes
Finally, we explored the relationships between measures of development, stunting in childhood and IHD mortality in adults (table 5). In fully adjusted models, increases in GNI were significantly associated with both reduced stunting (1985-2009) and reduced mortality from IHD (1990-2009). Increased urbanisation was associated with decreased rates of stunting and increased rates of mortality from IHD, and employment in agriculture was associated with increased stunting but reduced IHD mortality. The rate of policy assistance for agriculture was not significantly related to either outcome.
DISCUSSION
Principal findings
To our knowledge, this is the first study to combine global data on the availability of different food groups, diverse measures of development, and health and nutrition outcomes in a single analysis for the purpose of exploring relationships between dietary quality, nutrition and health over time. We found that overall dietary energy availability was inversely associated with stunting in children and showed a non-significant trend of a positive association with mortality from IHD in adults. These relationships varied according to World Bank Region, with relationships with child stunting appearing stronger in Asian countries and weaker in sub-Saharan Africa, Eastern Europe and Latin America. The strength of the relationship with IHD mortality appeared to be related to the level of development of the region, with more developed regions showing a far stronger relationship between energy availability and mortality. For the first time we also demonstrated that the proportion of total dietary energy available from different food groups, as a proxy for dietary quality, was in many cases more strongly associated with nutrition and health outcomes than overall energy availability. However, this was highly dependent on the non-staple food groups in question. For instance, across all countries on average a 100 kcal increase in total dietary energy availability over the period 1985-2009 was associated with a 0.84% reduction in stunting in childhood, while the same increase in proportional energy availability specifically from vegetables was associated with a 3% reduction in child stunting. Similarly, we found that a 100 kcal increase in total dietary energy availability was associated with an increase in IHD mortality in adults of 4 deaths per 100 000 over the period 1990-2009 (non-significant), while the same increase in proportional energy availability from vegetables was associated with a reduction in IHD mortality of 459 deaths per 100 000 population. The analysis also suggested that while improved dietary quality in general was associated with reduced stunting rates in children, it was not unequivocally beneficial for IHD, where increased availability of several food groups was associated with higher IHD mortality rates.
Our analysis also investigated the relationships between various correlates of development and nutrition and health outcomes. National income was reliably associated with an improvement in both stunting rates and IHD mortality, suggesting that increased national wealth improves health outcomes of nations when considered independently of energy availability. Increased urbanisation was associated with a reduction in stunting and an increase in IHD mortality, suggesting that urbanisation, which is frequently associated with access to more diverse food markets and diversified income sources, may play a part in reducing stunting. However, the increased access in urban areas to food (and especially highly processed foods) appears simultaneously linked to a rise in risks of NCDs. 23 Employment in agriculture, conversely, was associated with both increased stunting and reduced mortality from IHD suggesting that this form of employment is still a risk factor for childhood growth performance while potentially being protective against the risks of NCDs. Finally, we found no evidence from this analysis that policies designed to support agriculture (as measured by the RRA) have a beneficial relationship with nutrition and health outcomes. Individual country analyses have shown some support for this phenomenon, such as work on the agriculture-nutrition disconnect in India. 24 
Limitations
There are a number of limitations to this analysis, chief among these being that our study is ecological and therefore cannot ascribe causality to the relationships observed. The global and wide-ranging nature of the study also means that necessarily some precision in the data will have been lost due to measurement error and missing data. Most of these issues will have been likely to lead to underestimation of the relationships we examined. For example, the countries where few or inaccurate data are available may be the very countries where problems of food availability and child undernutrition are greatest, which may have led us to underestimate our relationships with child stunting. Correction factors for some global data have recently become available, which may assist with future analyses. 25 Also, IHD mortality is a hard disease end point and therefore could not be expected to show a concurrent relationship with food availability; we dealt with this problem by adding a 10-year time lag to our mortality analyses, but this reduced the sample size for these analyses as we were consequently only able to consider mortality from 1990 onwards in our final models. Finally, missing data were dealt with through multiple imputation where this was possible, but a number of countries had to be excluded from the analysis entirely. As a result, the sample of countries with data on child stunting has a different income profile from those countries with data on IHD mortality (because child stunting data are not recorded for high-income countries and many low income countries had missing data on mortality) and therefore we were unable to compare rates of undernutrition and NCDs over time within the same country. This may also affect the generalisability of our results to countries that have poor data availability on either or both of these measures, and means that we were unable to examine the complex interactions between undernutrition and NCDs that may be at play in some of these countries.
Comparison with previous studies A few previous studies have investigated the association of national-level dietary patterns and specific dietary components with nutrition and health outcomes. Single-country studies have shown that increased dietary diversity is associated with reductions in childhood stunting prevalence in Bangladesh, 26 Cambodia 27 and China, 28 and that diets high in protein are associated with reduced stunting in Iran. 29 Ours is the first study to explore the importance of dietary quality on stunting in childhood across multiple countries over time. Per capita availability of dietary fat and oil crops have shown positive associations with the prevalence of obesity and CVD mortality at the population level in previous crosssectional multicountry studies.
11 13 30 Our analysis did not find evidence of a similar association when fats and oils were considered as a proportion of total energy availability, instead we found that availability of meat and dairy products as a proportion of the diet were independently and more strongly associated with IHD mortality in adults. Our results demonstrate that food group diversity per se is not wholly positive for nutrition and health outcomes, and that complex relationships with animal source foods, fruit and vegetables would have been masked had we used a single measure of diversity as most previous studies have done. Finally, our study also expands on previous work in the area of global food availability by including adjustment for measures of development, providing a contemporaneous comparison between a critical measure of child undernutrition and the leading cause of adult diet-related mortality.
Conclusions and policy implications
This study provides new evidence to help support agricultural, nutrition and health policymakers to understand the important relationships between diet, nutritional status and NCDs. Our analysis identifies a key question, namely how can policymakers tackle child undernutrition without increasing the risk of NCDs in future generations? Dietary diversity as well as adequate energy supply is clearly important for health outcomes, particularly child stunting. In particular, increased availability of energy from fruit and vegetables appears to be associated with both a reduction in stunting in childhood and in IHD mortality in adults. Increasing the supply and accessibility of these foods is therefore likely to be unequivocally beneficial for population-wide health and our analysis suggests that this should be a major focus for agricultural policy that has a real potential to enhance health outcomes. However, for other food groups the picture is more mixed and likely to be dependent on the level of development of the country in question, as shown by our regional analyses. An increase in the supply of meat and dairy products was strongly related to reduced child stunting, but these foods also appeared to be related to increased mortality from IHD. 31 Similarly, an increased supply of sugar, while a source of additional energy to reduce stunting, also appears to be associated with increased IHD mortality. Policy-level support for increased production of animal source and high-sugar foods therefore requires careful consideration of the trade-offs between different health outcomes and policy options will differ by country context. This may be particularly important for countries currently facing a double burden of remaining child undernutrition along with increasing mortality from NCDs.
An optimal diet in terms of quality is clearly essential to both of the outcomes we studied here, but our results indicate that this optimum may be different depending on the nutrition or health outcome in question. Therefore, the search for food policies to support healthy diets needs to be framed by a much more nuanced understanding of how foods combine together to form a complete diet in order for useful interventions to be designed. Finally, in defining high quality diets it is important also to consider the needs of other sectors such as the environment-sustainable as well as healthy diets will be vital in designing future policy, and balancing health with sustainability is not always straightforward. Our study has demonstrated that by combining large, publicly available data sets, important patterns underlying trends in diet-related health can be uncovered. Further work and joined-up multisectoral thinking will be required to translate these patterns into policies that can improve nutrition and health outcomes globally.
